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Inhibition of 2 Integrin Receptor and Syk Kinase
Signaling in Monocytes by the Src Family Kinase Fgr
(Darby et al., 1994; Cheng et al., 1995; Turner et al., 1995;
Cox et al., 1996; Crowley et al., 1997; Kiefer et al., 1998),
individual members of the Src family may serve oppos-
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functional roles of the Fgr and Hck tyrosine kinases, twoUniversity of California, San Francisco
members of the Src family whose expression is limited toSan Francisco, California 94143
hematopoietic cells of the myeloid lineage (monocytes,
macrophages, and neutrophils), natural killer cells, and
specific B cell subsets (Link and Zutter, 1995; ThomasSummary
and Brugge, 1997; Willman et al., 1987, 1991; Yi and
Willman, 1989). With their high degree of homology andWhile 2 integrin ligand-receptor recognition interac-
coincident patterns of expression, Fgr and Hck havetions are well characterized, less is known about how
been hypothesized to be functionally redundant. Initialthese events trigger signal transduction cascades to
studies demonstrating that these kinases could beregulate the transition from tethering to firm adhesion,
coimmunoprecipitated with Fc receptors or 1 and 2spreading, and transendothelial migration. We have
integrin receptors suggested that they might play a roleidentified critical positive and negative regulatory
in these signaling pathways (Berton et al., 1994; Hamadacomponents of this cascade in monocytes. Whereas
et al., 1993; Yan et al., 1997). Using a genetic approach,the Syk tyrosine kinase is essential for 2 integrin
Lowell and colleagues first developed fgr/ and hck/signaling and cell spreading, the Src family kinase Fgr
mouse models to assess the function of these kinasesis a negative regulator of this pathway. Fgr selectively
(Lowell et al., 1994; Lowell and Berton, 1998; Mocsai etinhibits 2 but not 1 integrin signaling and Syk kinase
al., 1999; Suen et al., 1999). Surprisingly, no phenotypefunction via a direct association between the Fgr SH2
was identified in fgr/ mice. In contrast, doubly homozy-domain and Syk tyrosine Y342. The inhibitory effects
gous fgr/ hck / mice were found to have increasedof Fgr are independent of its kinase activity, are dose
susceptibility to Listeria monocytogenes. While detaileddependent, and can be overcome by chemokines and
analyses of neutrophils and macrophages derived from
inflammatory mediators.
fgr/ hck/ double homozygotes and fgr/ hck/ lyn/
triple homozygotes have further implicated these ki-
Introduction nases in 1, 2, and 3 integrin-mediated pathways
(Meng and Lowell, 1998; Suen et al., 1999) and in actin
Several members of the Src (Src, Lck, Blk, Hck, Fgr, cup formation during FcR-mediated phagocytosis in
Lyn, Yes, and Fyn) and Syk (Syk and Zap70) families of macrophages (Fitzer-Attas et al., 2000), the precise func-
intracellular, nonreceptor protein tyrosine kinases func- tional role of these kinases has still remained unclear.
tion as critical components in signaling cascades from Taking an alternative approach, we recently used ret-
membrane receptors lacking intrinsic tyrosine kinase roviral gene transfer to introduce wild-type and various
activity. These receptors include the multisubunit im- mutant forms of Fgr into macrophage cell lines lacking
mune recognition receptors such as the T cell (TCR) and endogenous expression of Fgr and demonstrated that
B cell (BCR) receptors for antigen, the immunoglobulin Fgr functions to inhibit FcR-mediated phagocytosis
Fc receptors (FcR), and the integrin family of receptors and actin cup formation in macrophages (Gresham et
that mediate cell adhesion, migration, and survival (Low- al., 2000). Analysis of macrophages derived from fgr/
ell and Berton, 1999). While Syk kinases are essential for mice further confirmed this inhibitory role, revealing that
the development of lymphoid cells, signaling from immune in the absence of Fgr, FcR-mediated phagocytosis was
recognition receptors, and FcR-mediated phagocytosis significantly enhanced. Our studies were the first to re-
veal that Fgr, like Lyn, plays an important negative role
in the functional activation of monocytes. In this study,6 Correspondence: cwillman@unm.edu
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Figure 1. BAC1 Cells Lacking Endogenous
Fgr (Fgr) and BAC1.A Cells Containing Fgr
(Fgr) Have Different Morphologies on ICAM-1
(A–D) Cells plated on coverslips coated with
fibronectin (1 ligand) (A and B) or ICAM-1 (2
ligand) (C and D). Phase contrast microscopy
(100). To confirm ligand specificity, cells
were allowed to spread in the presence of
anti-CD29 (1 integrin) ([A] and [B], insets)
and anti-CD18 (2 integrin antibodies) ([C]
and [D], insets).
(E) Western blots of Fgr, Lyn, Hck, and Src in
BAC1.A versus BAC1 cell lines.
we dissect the potential role of Fgr in integrin-mediated marrow-derived macrophages, BAC1 and BAC1.A cells
are adherent, growth factor dependent, and can be acti-signaling events. Using both retroviral gene transfer to
vated to present antigen and phagocytose (Morgan etintroduce Fgr into macrophage cell lines and primary
al., 1987). Examination of these cell lines by phase con-macrophages derived from fgr/ and hck/ mice, we
trast microscopy revealed striking differences; whiledemonstrate that Fgr but not Hck selectively inhibits 2
both cell lines were equally capable of adhering to tissueintegrin receptor signaling in monocytes. In contrast to
culture surfaces and expressed equivalent levels of 1,the 2 integrins, Fgr had no discernable effect on 1
2, and 3 integrin receptors by flow cytometry, theintegrin signaling. Our studies also reveal that the Syk
BAC1 cell line lacking endogenous Fgr displayed exten-tyrosine kinase is essential for 2-integrin receptor-
sive lateral spreading while BAC1.A cells were roundmediated signaling and that Fgr inhibits the 2 integrin
and unable to spread (data not shown). To determinepathway by directly associating with Syk to inhibit Syk
whether these differences in cell shape could be attrib-kinase function.
uted to adhesion and spreading via one or more integrin
ligands, we assessed the morphology of BAC1 and
Results BAC1.A cells on coverslips coated with the 1 integrin
ligands fibronectin, collagen, and vitronectin and the 2
Fgr Inhibits Postreceptor 2 Integrin-Mediated integrin ligands fibrinogen and ICAM-1. While BAC1 and
Spreading in Macrophage Cell Lines BAC1.A cells spread equivalently on fibronectin (Figures
To dissect the role of Fgr in integrin-mediated signaling 1A and 1B), collagen, and vitronectin (data not shown),
events, we first examined two established macrophage a dramatic difference was observed on surfaces coated
cell lines that differ in expression of endogenous Fgr: with ICAM-1 (Figures 1C and 1D) and fibrinogen (data
BAC1.2F5 (BAC1) cells which fail to express endoge- not shown). BAC1 cells spread extensively on ICAM-1
nous Fgr mRNA and protein (but have an intact fgr gene), (Figure 1C) while BAC1.A cells adhered but were very
and a naturally occurring variant BAC1.2F5A (BAC1.A) rounded (Figure 1D). The extent of spreading was not
which expresses Fgr. These cell lines contain equivalent dependent on ligand density, since increasing the con-
levels of other Src family kinases expressed in myeloid centration of ICAM-1 to 100 g/ml yielded identical re-
sults (data not shown). The specificity of binding to eachcells: Src, Hck, and Lyn (Figure 1E). Like primary bone
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Figure 2. Fgr Inhibits 2 but Not 1 Integrin
Receptor-Mediated Cell Spreading
(A) Fgr Western blots. Lane 1, parental
BAC1.A cells containing endogenous Fgr;
Lane 2, BAC1-Fgr (WT-Mid); Lane 3, BAC1-
Fgr (WT); and Lane 4, BAC1-Fgr (K279R).
(B) Flow cytometric conjugate assays con-
firmed similar levels of binding of BAC1 (Vec-
tor), BAC1-Fgr (WT), and BAC1-Fgr (K279R)
cells to CHO cells expressing surface ICAM-1.
(C–K) Clonal BAC1 (Vector) control cells,
BAC1 Fgr (WT), and BAC1 Fgr (K279R) cells
were plated on fibronectin (C–E), ICAM-1 (F–H),
or VCAM-1 (I–K). Phase contrast microscopy
(100).
integrin ligand was confirmed by preincubation of each all Fgr-containing clonally selected lines expressed
equivalent levels of 1, 2, and 3 integrin receptorscell line with blocking antibodies to 1 (Figures 1A and
1B, insets) or 2 integrin receptors (Figures 1C and 1D, using flow cytometric techniques (data not shown). Flow
cytometric conjugate-based adhesion assays (Neesoninsets). These initial results suggested that Fgr was not
inhibiting 2 integrin ligand-receptor recognition inter- et al., 2000) were also used to demonstrate that BAC1
(Vector Control), BAC1-Fgr (WT), and BAC1-Fgr (K279R)actions promoting adhesion, but postreceptor signaling
events leading to cell spreading. cells were equivalent in their ability to adhere to CHO
cells expressing ICAM-1 (Figure 2B).To test our hypothesis, we used retroviral-mediated
gene transfer to introduce the wild-type (WT) fgr cDNA Like parental cells, BAC1 cells transfected with the
retroviral vector alone as a control (BAC1-[Vector]) wereinto BAC1 cells lacking endogenous Fgr. While multiple
clonally derived cell lines yielded identical results, we capable of adhering and spreading on ICAM-1 (Figure
2F). In contrast, both BAC1-Fgr (WT) cells (Figure 2G)report on two clones with different levels of the intro-
duced Fgr protein: BAC1-Fgr (WT) cells contained a and BAC1-Fgr (K279R) cells containing the kinase inac-
tive form of Fgr (Figure 2H) adhered but did not spreadsimilar level of the introduced Fgr protein as parental
BAC1.A cells and BAC1-Fgr (WT-Mid) cells expressed on ICAM-1. Quantitation of the extent of cell spreading
revealed a statistically significant (p 0.0001) reductiona lower level of the introduced Fgr protein (Figure 2A).
A kinase inactive form of fgr, in which the critical lysine in spreading in all clones expressing Fgr, including both
wild-type clones and the kinase inactive form, comparedresidue in the ATP binding site (K279) was mutated to
arginine, was also introduced into BAC1 (BAC1-Fgr to controls (Table 1). Thus, Fgr kinase activity was not
essential for the inhibitory effect. 2 integrin-mediated[K279R]) (Figure 2A). Parental cells, vector controls, and
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Figure 3. Primary Cells Derived from Wild-Type, fgr/, and hck/ Mice
Bone marrow-derived macrophages (BMM) derived from fgr/ or fgr/ mice were plated on ICAM-1 (A and E) or coverslips coated with
fibronectin (B and F) or VCAM-1 (C and G). Activated neutrophils (PMN) derived from the marrows of fgr/ (D) and fgr/ (H) mice were allowed
to spread on coverslips coated with fibrinogen. Primary cells derived from hck/ mice fail to spread on ICAM-1 (I) but are able to spread on
the 1 integrin ligand fibronectin (J). Phase contrast microscopy (100).
cell spreading was inhibited to a lesser degree in BAC1- and Table 1). When plated on ICAM-1, bone marrow-
derived macrophages from wild-type mice adhered butFgr (WT-Mid) cells containing lower levels of Fgr protein
as compared to BAC1-Fgr (WT) cells, suggesting that lacked lateral spreading and were stellate or round when
compared to BMM from fgr/ mice (Figure 3E versusthe inhibitory effect might be dose dependent. Quantita-
tive measurements (Table 1) confirmed that all cell lines 3A; Table 1). In contrast, macrophages derived from
fgr/ and fgr/mice spread equivalently on coverslipsspread equivalently on the 1 integrin ligands fibronec-
tin (Figures 2C–2E), VCAM-1 (Figures 2I–2K), or vitronec- coated with the 1 ligands fibronectin (Figures 3B and
3F; Table 1) or VCAM-1 (Figures 3C and 3G). Macro-tin (data not shown).
phages derived from hck/ mice, which express endog-
enous Fgr (data not shown), failed to spread on ICAM-1Fgr but Not Hck Inhibits Postreceptor 2
as anticipated (Figure 3I and Table 1). If, like Fgr, HckIntegrin-Mediated Spreading in Cell
had an inhibitory role in 2 integrin-mediated signaling,Lines and Primary Macrophages
then we would have expected hck/ macrophages toAlthough the similar levels of expression of endogenous
have a more laterally spread morphology on ICAM-1.Hck in BAC1 and BAC1.A cells (Figure 1E) argued
Interestingly, while macrophages derived from hck/against Hck having an inhibitory role in 2 integrin-medi-
mice had extensive lateral spreading on the 1 integrinated cell spreading, we confirmed this by overexpress-
ing Hck in BAC1 cells using retroviral gene transfer. ligand fibronectin (Figure 3J), the extent of spreading was
somewhat reduced compared to wild-type (Table 1).Overexpression of Hck had no inhibitory effect on cell
spreading on ICAM-1 and even enhanced the ability of Previous studies with neutrophils derived from fgr/
mice had suggested that Fgr might be required for adhe-BAC1 cells to spread, particularly on the 1 integrin
ligand fibronectin (Table 1). To confirm that our observa- sion-dependent functions in neutrophils (Berton et al.,
1994; Lowell et al., 1996; Mocsai et al., 1999; Suen ettions using cell lines were relevant to primary cells, we
compared the effects of Fgr and Hck on the adhesion al. 1999). Thus, we assessed the ability of neutrophils
derived from fgr/ and fgr/ mice to spread in on 2and spreading of primary macrophages derived from the
bone marrow of wild-type, fgr/, or hck/ mice (Figure 3 integrin ligands (Figures 3D and 3H). In contrast to
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results confirm that the inhibitory effects of Fgr are doseTable 1. Quantitation of Cell Spreading on Soluble Murine ICAM-1
or Fibronectina dependent and can be reversed with inflammatory medi-
ators.Cell Line Area on ICAM-1 Area on Fibronectin
BAC1 (Vector) Control 424  18 m2 433  20 m2 Syk Is Essential for 2 Integrin-Mediated SignalingBAC1 Fgr (WT) 266  12 m2 451  60 m2
and Cell Shape Changes in MonocytesBAC1 Fgr (WT-Mid) 340  14 m2 425.6  16.3 m2
To determine the mechanism by which Fgr inhibited 2BAC1 Fgr (K279R) 314  11.3 m2 464  21 m2
BAC1 Hck 450.6  13.4 m2 567.3  24.4 m2 integrin-mediated cell shape changes, we first deter-
mined the signaling components required to positivelyBone Marrow
activate this pathway. Following crosslinking of2 integ-
BMM (Wild-Type) 370.3  18.2 m2 668.8  33 m2 rin receptors on parental BAC1 or BAC1.A cells using
BMM (hck/) 381.2  18.43 m2 580.3  19.4 m2
anti-CD11b or anti-CD18 antibodies, phosphorylation ofBMM (fgr/) 702.3  54 m2 643.6  28.3 m2
a72 kDa and55 kDa species was prominent in BAC1
a Values represent mean ( SEM) results obtained by measuring the cells, while BAC1.A cell lysates showed a significant
surface area of 150 cells in three experiments. Difference between
reduction in phosphorylation of these bands (Figure 4A).BAC1 (Vector) and BAC1 Fgr (WT) or BAC1 Fgr (WT-Mid) and be-
An obvious candidate for the 72 kDa species was thetween BMM (wild-type) and BMM (fgr/) determined to be statisti-
Syk tyrosine kinase, which is known to be activatedcally significant (p  0.0001) by Student’s t-Test.
upon FcR and integrin receptor crosslinking (Agarwal
et al., 1993; Kiener et al., 1993; Darby et al., 1994;
Greenberg et al., 1994; Lin et al., 1995; Yan et al., 1997).
monocytes and macrophages, neutrophils must first be The72 kDa species was confirmed to be Syk by immu-
activated with chemokines or inflammatory mediators noblotting these phosphotyrosine immunoprecipitates
before they undergo spreading in response to2 integrin with anti-Syk antibodies (data not shown). To eliminate
ligands. Thus, neutrophils obtained from fgr/ and the possibility that these results arose by indirect activa-
fgr/ mice were activated and allowed to spread on the tion of FcR signaling (mediated by the potential binding
2 integrin ligand fibrinogen in the presence of 107 M of the Fc portions of anti-CD18 or anti-CD11b antibodies
formyl-methionine-leucine-phenyalanine (fMet-Leu-Phe) used for crosslinking 2 integrin receptors), we com-
peptide. As previously reported (Lowell et al., 1996), pared the patterns of phosphorylated proteins triggered
activated neutrophils derived from fgr/ mice were im- by different anti-CD18 antibodies (M18 and 2E6; see
paired in their ability to spread on fibrinogen (Figure 3D) Experimental Procedures) in bone marrow-derived mac-
when compared to neutrophils derived from fgr/ mice rophages from either wild-type or doubly homozygous
(Figure 3H). This lack of response to fibrinogen was not FcRII/ Fc/ lacking FcR receptors. Virtually identical
due to an overall inability to spread, which could be patterns of phosphorylation were seen (Figure 4B), con-
triggered in both fgr/ and fgr/ neutrophils with 50 nM firming that in the absence of Fc receptors and a func-
PMA (data not shown). These interesting observations tional Fcchain, the72 kDa and55 kDa are phosphory-
reveal that the inhibitory effects of Fgr are cell type- lated in response to 2 integrin receptor activation. These
specific and support prior observations that Fgr may results suggested that the Syk kinase, in addition to
positively contribute to the initial phase of 2 integrin- other signaling proteins, might be a critical component
dependent spreading in neutrophils. Whether, like the of 2 integrin signaling cascades.
dual role of Lyn in B cell signaling, Fgr contributes an To further assess the role of Syk in 2 integrin-medi-
initial positive signal followed by an inhibitory signal in ated signaling, we took two approaches. First, we used
neutrophils remains to be determined. scanning electron microscopy to assess the morphol-
ogy of the BAC1 cell series on ICAM-1 coated surfaces
in the presence or absence of piceatannol, an inhibitorFgr Inhibition of 2 Integrin-Mediated Spreading
Is Reversible with Chemokines of Syk function (Oliver et al., 1994). BAC1 (Vector) control
cells (Figure 5A) spread on ICAM-1 demonstrated signifi-IL-8 and the chemokine MCP-1 serve as major chemoat-
tractants for circulating monocytes and stimulate initial cant membrane ruffling. In contrast, BAC1 (Vector) cells
preincubated with anti-CD18 antibodies (Figure 5B) ormonocyte tethering to E selectin followed by firm adhe-
sion through the activation of leukocyte integrin recep- with piceatannol (Figure 5D) failed to spread and had an
identical morphology as introduction of the Fgr proteintors (Gerszten et al., 1999). To determine whether inhibi-
tion of 2 integrin-mediated spreading by Fgr could be (Figure 5C). These studies suggested that while Fgr was
providing an inhibitory signal for 2 integrin-mediatedreversed by exposure to inflammatory mediators and che-
mokines, we assessed the effect of C5a, MIP-1	, and cell shape changes, the Syk kinase was contributing an
important positive signal. We next compared the abilityMCP-1 on cell spreading using both BAC1-Fgr (WT)
(244.8  7.6 m2) and BAC1-Fgr (WT-Mid) (314.3  14 of fetal liver-derived macrophages from syk/, syk/,
and syk/ mice (Cheng et al., 1995; Turner et al., 1995)m2) cells relative to BAC1 (Vector) control cells (413.3
16.6 m2). Spreading was restored in BAC1-Fgr (WT) to spread on ICAM-1 (Figures 5E–5G). As the fetal liver-
derived macrophages from each of these mouse strainscells following exposure to C5a (370.3 16.9m2), while
exposure to MCP-1 (271.2  14.9 m2) had little effect. had very low levels of endogenous Fgr expression (data
not shown), we were readily able to assess the impactIn contrast, C5a (385  17.3 m2), MIP-1	 (497.0  22.3
m2), and, to a lesser extent MCP-1 (365  15.7 m2), of Syk. While macrophages from wild-type syk/ (Figure
5G) or heterozygous syk/ (Figure 5F) mice were ablewere all capable of restoring spreading in BAC1-Fgr
(WT-Mid) cells containing lower Fgr protein levels. These to spread on ICAM-1, macrophages derived from syk/
Immunity
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Figure 4. Fgr Inhibits Syk Kinase Function
following 2 Integrin Receptor Activation
(A) BAC1 (Fgr) and BAC1.A (Fgr) paren-
tal cells were incubated in the presence of
anti-CD11B or anti-CD18 antibodies and sec-
ondary antibodies to activate 2 integrin re-
ceptors by crosslinking. Phosphotyrosine
containing proteins were immunoprecipitated
and subjected to an in vitro kinase assay. Mo-
lecular weight markers are shown on the right.
(B) 2 integrin receptors were crosslinked in
a similar fashion in BMM from FcRII/Fc/
mice. BMM were incubated with M18 or 2E6
anti-CD18 monoclonal antibodies or a rat
IgG2a isotype control. Lysates were probed
with an antiphosphotyrosine antibody (HRP-
RC20).
(C) (Top) BAC1 (Vector) control cells or BAC1-
Fgr (K279R) cells were lysed before () or
after () 2 integrin crosslinking (CD18XL)
and lysates immunoprecipitated with anti-syk
antibodies. Immune complexes were immu-
noblotted with an anti-phosphotyrosine anti-
body (RC-20) (top) or blotted for Syk (bottom).
(Bottom) Anti-Syk immunoprecipitates from
either unstimulated or anti-CD18 activated
cells were assayed for phosphorylation of an
exogenous substrate by the addition of puri-
fied Band 3.
(D) Phosphorylation of Syk tyrosines 519/520
is inhibited in the presence of Fgr. BAC1 cell
lines labeled in vivo with [32P] orthophosphate
were used to generate phosphopeptides to
map specific tyrosines with or without 2 in-
tegrin receptor activation. Peptides gener-
ated from metabolically labeled Syk ex-
pressed in Sf9 cells were used as the
standard. Syk was immunoprecipitated from
cell lysates prepared from BAC1 (Vector) or
BAC1-Fgr (K279R) cells following activation of 2 integrins in intact cells by crosslinking with anti-CD18 F(ab
)2, digested with trypsin, and
the resultant peptides were separated by SDS-PAGE and visualized by autoradiography.
mice failed to spread (Figure 5E). In contrast, macro- tated from BAC1 (Vector) or BAC1-Fgr (K279R) cells
before or after activating 2 integrin receptors by cross-phages derived from each mouse strain were equally
capable of spreading on the 1 integrin ligand fibronec- linking and the phosphorylation state of immunoprecipi-
tated Syk was determined using antiphosphotyrosinetin (data not shown). These experiments confirm that Syk
is essential for postreceptor signal transduction events antibodies (Figure 4C). In the absence of 2 integrin
receptor activation, Syk had very low to undetectableresulting in cell spreading following the engagement of
2 integrin receptors. levels of tyrosine phosphorylation. With activation, Syk
became tyrosine phosphorylated in BAC1 (Vector) cells
lacking Fgr and to a lesser degree in cells containingFgr Inhibits 2 Integrin-Mediated Signaling
and Cell Shape Changes by Inhibiting Syk Function the kinase inactive Fgr protein (BAC1-Fgr [K279R]) (Fig-
ure 4C). Syk-mediated phosphorylation of the exoge-through a Direct Association between the Fgr SH2
Domain and Y342 in the Syk Linker Region nous substrate Band 3 (Low, 1986) was also significantly
reduced in the presence of Fgr in BAC1-Fgr (K279R)As Syk is essential for 2 integrin-mediated cell spread-
ing and Fgr inhibits this pathway, we hypothesized that cells after 2 integrin receptor crosslinking when com-
pared to BAC1 (Vector) cells (Figure 4C). Recent studiesFgr might inhibit 2 integrin postreceptor signaling by
inhibiting Syk. Indeed, our preliminary experiments with have shown that phosphorylation of critical tyrosine resi-
dues (519/520) in the Syk activation loop are a moreparental BAC1 and BAC1.A cells had suggested that
this might be the case (Figure 4A). Thus, we assessed reliable indicator of Syk activation and the promotion of
downstream signaling events as compared to the use ofthe activation and function of Syk in the presence or
absence of Fgr using BAC1 cell lines. As the Fgr kinase exogenous substrates or total phosphotyrosine content
(Zhang et al., 1998, 2000). Thus, we performed phospho-domain is not essential for the inhibition of 2 integrin-
mediated cell spreading, we focused our biochemical peptide mapping of Syk before or after2 integrin recep-
tor crosslinking to study the phosphorylation state ofexperiments on a comparison of BAC1 (Vector) control
cells and BAC1-Fgr (K279R) cells, as in our previous various Syk tyrosine residues in BAC1 (Vector) and BAC1
Fgr (K279R) cells (Figure 4D) as described by Furlongreports (Gresham et al., 2000). Syk was immunoprecipi-
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Figure 5. Syk Is Essential for 2 Integrin Receptor-Mediated Cell Spreading on ICAM-1
(A–D) BAC1 (Vector) control cells (A), BAC1 (Vector) cells preincubated in the presence of anti-CD18 antibodies (B) or 50 g/ml piceatannol (D),
and BAC1-Fgr (WT) cells (C) were spread on coverslips coated with ICAM-1 and prepared for scanning electron microscopy. Magnification, 1000.
(E–G) Macrophages derived from the fetal livers of syk/, syk/, or syk/ mice spread on ICAM-1. Phase contrast microscopy (100).
et al. (1997). Phosphorylation of Syk tyrosine 519 and Fgr, we first prepared a series of bacterially expressed
glutathione S-transferase (GST) fusion proteins containing520 was found to be maximal following 2 integrin re-
ceptor activation in BAC1 (Vector) cells lacking Fgr and various Fgr domains (GST-Fgr-SH2, GST-Fgr-SH3, and
GST-Fgr-SH3/SH2). Syk was immunoprecipitated fromwas significantly reduced in BAC1-Fgr (K279R) cells
(Figure 4D). These results reveal that in the presence BAC1.A or BAC1 cell lysates prior to or following activa-
tion of 2 integrin receptors in intact cells by crosslink-of Fgr, Syk kinase activity and phosphorylation of Syk
residues Y519/Y520 is significantly reduced. ing, and an in vitro kinase assay was performed (Figure
6C); various recombinant GST-Fgr domain proteins wereWe next determined whether Fgr might inhibit Syk
through direct association. Surprisingly, we found that then added to immunoprecipitated Syk and complexes
were isolated with glutathione-Sepharose beads. As inwith or without activation of2 integrin receptors by cross-
linking and in the presence or absence of Fgr, Syk could our previous experiments (Figure 6B), Fgr and Syk be-
came coassociated only following 2 integrin activation,be coimmunoprecipitated with 2 integrin receptors
(Figure 6A). These data suggest that 2 integrin recep- and this association appeared to be mediated solely by
the Fgr SH2 domain (Figure 6C) as the Fgr SH3 domaintors are constitutively associated with Syk and that Fgr
does not mediate its inhibitory effect by interfering with failed to pull down Syk (data not shown). Fgr was unique
in its ability to associate with Syk, as neither Hck northis association. To determine if Fgr directly associated
with the Syk kinase, we attempted to coimmunoprecipitate Lyn SH2 domains were capable of pulling down Syk
in these assays (Figure 6D). To determine the specificFgr and Syk prior to or following crosslinking of 2 integ-
rin receptors with anti-CD18 antibodies (Figure 6B). In- phosphotyrosine residues of Syk that were associating
with the Fgr SH2 domain, we next used the GST-Fgr-terestingly, Fgr could be coimmunoprecipitated with
Syk, but only following crosslinking and activation of 2 SH2 domain as an affinity substrate. Partially purified
recombinant Syk protein was phosphorylated with [-32P]integrin receptors with anti-CD18 (Figure 6B). While we
have made multiple attempts to isolate a trimolecular 2 ATP; following trypsin digestion, labeled phosphopep-
tides were pooled and mixed with the GST-Fgr-SH2integrin/Syk/Fgr complex, we have been unsuccessful
with currently available reagents. Thus, prior to activa- domain. Fgr-SH2 uniquely associated with the tryptic
phosphopeptide containing Syk amino acids 333–355tion, 2 integrin receptors are associated with Syk, po-
tentially in a “ready” state to transduce signals following within the Syk linker region (Figure 6E); this affinity-
isolated phosphopeptide contains two sites for tyrosineintegrin ligand-receptor binding. However, if Fgr is pres-
ent, it becomes coassociated with Syk to inhibit Syk phosphorylation, Y342 and Y346. To determine whether
the Fgr-SH2/Syk association was targeted to Y342 oractivation and downstream signaling events.
The Syk kinase has ten tyrosine phosphorylation sites Y346, the Y342 residue was mutated to phenylalanine,
and the experiment was repeated. Under these condi-(Furlong et al., 1997), any of which could serve as poten-
tial docking sites for the Fgr protein, particularly the Fgr- tions, the Fgr-SH2 domain/Syk association was lost
(Figure 6E). These data reveal that the Fgr-SH2 domainSH2 domain. To determine which domain(s) of Fgr and
Syk might be responsible for the coassociation of Syk and associates with Syk Y342 to inhibit Syk function.
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Figure 6. Biochemical Analysis of the Interaction of Fgr, Syk, and 2 Integrins
(A) Syk is coassociated with 2 integrins with or without CD18 crosslinking. BAC1 (Vector) control cells or BAC1-Fgr (WT) cells were lysed
without () or with () 2 integrin crosslinking (CD18XL), and cell lysates were immunoprecipitated with anti-CD18 antibodies. Immune
complexes were fractionated and immunoblotted for the presence of Syk. The first two lanes are a positive control in which Syk was
immunoprecipitated from the BAC1 (Vector); the second two lanes are an immunoprecipitated with an isotype control. The last four lanes are
from BAC1 (Vector) (lanes 5 and 6) or BAC1-Fgr (WT) (lanes 7 and 8) that were lysed and immunoprecipitated with anti-CD18 mAb.
(B) Fgr associates with Syk following 2 integrin receptor activation by crosslinking. BAC1 (Vector) control cells or BAC1-Fgr (WT) cells were
incubated in suspension  anti-CD18 antibodies at 4C. Clustering was initiated by addition of a secondary antibody.
(C) Clustering of CD18 promotes association of Fgr with Syk via the Fgr SH2 domain. Parental BAC1 cells plated on tissue culture dishes
were activated by crosslinking CD18. Cell lysates were immunoprecipitated with the anti-Syk antibody, and the immune complexes were
subjected to an in vitro kinase assay. The soluble syk protein was mixed with GST beads or GST-Fgr SH2 beads or GST-Fgr SH2/SH3 or
GST-Fgr SH3 (not shown). Resultant complexes were separated by SDS-PAGE and exposed to film.
(D) Association of Syk is specific for the Fgr SH2 domain. To compare SH2 domains of different Src family kinases, phosphotyrosinated
proteins were immunoprecipitated from 2 integrin receptor-activated BAC1 (Vector) cells, eluted with SDS, divided equally, and incubated
with either GST alone or GST fusion proteins for Fgr, Lyn, and Hck and Glutathione beads. The beads were washed, eluted, separated, and
immunoblotted for phosphotyrosine (upper panel) and stripped and reprobed for Syk (lower panel).
(E) A tryptic phosphopeptide from Syk containing Tyr-342 and Tyr-346 binds to the Fgr SH2 domain. Tryptic phosphopeptides were generated
from wild-type Syk (WT) or from two Syk point mutants (Syk [Y342F] and Syk [Y290F]) that were phosphorylated in vitro by incubation with
[-32P] ATP. The phosphopeptide mixture was either separated directly by alkaline gel electrophoresis (left panel) or was first adsorbed to an
immobilized GST-SH2 domain from Fgr and the bound peptides eluted and then separated (right panel). Phosphopeptides were detected by
autoradiography. The phosphopeptide bound to the Fgr SH2 domain corresponds to a doubly phosphorylated peptide modified on both Tyr-
342 and Tyr-346. The peptide migrating just above this position contains a single phosphate on either Tyr-342 or Tyr-346.
Association of the Fgr-SH2 Domain and Syk to derive kinase-active wild-type Fgr clones with a mu-
tant SH2 domain, BAC1 cells containing this constructIs Essential for Inhibition of 2 Integrin
Receptor Signaling and Cell Spreading could not be successfully isolated. Compared to BAC1
(Vector) control cells (368.8  27.44 m2) and BAC1-FgrTo confirm that the association of the Fgr SH2 domain
with Syk Y342 was essential for the inhibition of 2 (WT) cells (203.0  19.18 m2), BAC1-Fgr(R279K)(SH2*)
cells reverted to a spread phenotype on ICAM-1 (484.9integrin-mediated signal transduction and cell shape
changes, we again used retroviral gene transfer to de- 39.35 m2) (Figure 7). Thus, BAC1 cells containing Fgr
with a mutant SH2 domain cells were fully capable ofvelop a BAC1 cell line that contained a full-length kinase-
inactive Fgr protein with a mutated SH2 domain (R159L, spreading on ICAM-1 surfaces. We further confirmed
that mutation of the Fgr SH2 domain inhibited the inS161A) [BAC1-Fgr(R279K)(SH2*)]. Although we attempted
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Figure 7. Association of the Fgr SH2 Domain with Syk Is Essential for the Inhibition of 2 Integrin and Syk Kinase Signaling
(A) BAC1 (Vector) control, BAC1-Fgr (WT), and BAC1-Fgr (K279R)(SH2*) cells with a mutant SH2 domain spread on coverslips coated with
soluble murine ICAM-1. Mutation of the Fgr SH2 domain abrogates the Fgr inhibition of Syk kinase function, resulting in cell spreading on
ICAM-1. Phase contrast microscopy (100).
(B) Mutation of the Fgr SH2 domain blocks the in vivo association of Fgr and Syk. Immobilized anti-fgr antibodies were used to immunoprecipitate
Fgr from cell lysates prepared either before or after anti-CD18 crosslinking. Immunoprecipitates were immunoblotted for Syk and Fgr. BAC1
(Vector) cells, without (lane 1) or with (lane 2) crosslinking. BAC1-Fgr (K279R) cells without (lane 3) or with (lane 4) crosslinking. BAC1-Fgr
(K279R)(SH2*) cells without (lane 5) or with crosslinking (lane 6).
vivo association of Fgr and Syk in BAC1-Fgr (R279K) that the Syk tyrosine kinase is essential to activate signal
transduction cascades initiated by the binding of 2(SH2*) cells (Figure 7B). These experiments thus demon-
strate that the association of the Fgr SH2 domain with integrin receptors to their ligands and for promoting
subsequent cell shape changes and spreading, eventsSyk Y342 is essential for the Fgr-mediated inhibition of
2 integrin receptor-mediated signal transduction events that must be triggered for cellular locomotion and trans-
migration. Indeed, the motility and migration speed ofleading to cell spreading in monocytes.
a cell correlates with the extent that a cell can laterally
spread (Palecek et al., 1997). Thus, we speculate thatDiscussion
Syk will play a critical role in promoting hematopoietic
cell motility, a hypothesis we are currently testing withThe integrin family of heterodimeric cell adhesion recep-
our cell lines and systems. Although we were able totors mediates both cell-cell and cell-matrix interactions
coimmunoprecipitate Syk and the 2 integrin commonand plays critical roles in development, inflammation,
 chain CD18, we do not know the mechanism by whichangiogenesis, metastasis, and other important biologi-
Syk is activated following the binding of integrin recep-cal processes. The 2 integrin receptor family, each
tors to their ligands. In TCR, BCR, and FcR signalingsharing a common  chain (CD18) noncovalently associ-
where Syk (or Zap70) initiates downstream signalingated with one of four different 	 subunits (LFA-1/CD11a,
cascades after receptor activation, Syk SH2 domainsMAC-1/CD11b, 	X/CD11c, and 	D/CD11d), are selec-
associate with phosphorylated tyrosines in immunore-tively expressed on hematopoietic cells where they me-
ceptor tyrosine-based activation motifs (ITAMs) in thediate cell-cell and cell-endothelial interactions. Recent
invariant subunits associated with these receptorsstudies have shown that IL-8 and the chemokine MCP-1
(Johnson et al., 1995). However, to date, no similar ITAM-serve as major chemoattractants of circulating mono-
containing subunits have been found associated withcytes to sites of activated endothelium and stimulate
2 integrins. While it is possible that such subunits exist,initial tethering to E selectin followed by firm adhesion
other models may account for the activation of Syk bythrough the activation of leukocyte integrin receptors
2 integrin receptor clustering, including the clustering(Gerszten et al., 1999). While the binding of monocyte
of associated Syk kinases in the immediate underlying1 integrin receptors (	4/1) to endothelial VCAM-1
cytoskeleton followed by autoactivation (El-Hillal et al.,serves to further promote these initial adhesive events,
1997; Cox et al., 1996).the binding of 2 integrin receptors to their ligands (such
as ICAM-1) is critical for firm attachment, spreading, and
transendothelial migration of monocytes (Luscinskas et An Inhibitory Role for the Fgr Kinase
Our studies have also determined that Fgr functions asal., 1994).
Our studies have identified both positive and negative a selective inhibitor of 2 integrin-mediated signaling
and Syk kinase function in monocytes. Although bothregulatory elements in the 2 integrin-triggered signal
transduction cascade in monocytes. We have shown 1 (	4/1; VLA-4) and 2 integrin receptors are critical
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for monocyte tethering and adhesion to endothelium, it myeloid cells would be very similar to that of the “dual”
is interesting that Fgr but not the highly related myeloid Src family kinase Lyn kinase, which contributes both
lineage kinase Hck selectively inhibits the2 component positive and negative signals to BCR and FcR signaling
of this critical pathway. The inhibitory effects of Fgr were (Chan et al., 1997; Cornall et al., 1997; Nishizumi et al.,
kinase independent and dose dependent and could be 1998).
reversed chemokines and inflammatory mediators. In-
deed, the role of such chemokines may be in part to Mechanisms of the Fgr-Mediated Inhibition of Syk
uncouple the inhibitory effects of Fgr to allow full activa- Kinase Function
tion and signaling from 2 integrin receptors. Following Although association of the Fgr SH2 domain with phos-
activation of 2 integrin receptors, we have shown that phorylated Syk Y342 is essential to inhibit 2 integrin
Fgr inhibits downstream signaling cascades and cell receptor signaling, we do not yet know how this physical
spreading via a direct association between the Fgr SH2 association results in an inhibition of Syk kinase func-
domain and a phosphorylated tyrosine residue (Y342) tion. Two different mechanisms are possible. First, Syk
in the Syk linker region. Syk kinase activity and function Y342 is also the critical site at which Vav1 and PLC
was significantly reduced in the presence of Fgr; fur- physically associate with Syk, become activated, and
thermore phosphorylation of Syk tyrosines Y519/Y520, then initiate downstream signaling (Deckert et al., 1996;
which are critical for Syk-mediated downstream signal- Miranti et al., 1998). It is intriguing to speculate that the
ing events (Zhang et al., 1998, 2000), was essentially binding of Fgr to phosphorylated Syk Y342 prevents or
inhibited. Our ongoing studies further reveal that in the disrupts Syk association with Vav1, PLC, and/or other
presence of Fgr, there is a failure to activate SLP76, a downstream effector(s) involved in actin remodeling and
downstream mediator of Syk that is critical for expan- cytoskeletal rearrangement. In this model, the Fgr/Syk
sion of Syk signaling cascades (Noraz et al., 2000; Piv- association would inhibit Vav1 binding and the Syk-
niouk et al., 1999). dependent phosphorylation of Vav1; decreased Vav1
As we have shown that the inhibitory effect of Fgr is phosphorylation would then result in loss of function of
kinase independent, we have not yet identified a precise RhoG and Rac1 and a lack of cytoskeletal reorganization
function and potential target(s) for the Fgr kinase. Our and cell spreading. Similarly, disrupting the association
findings are identical to recent studies of Src in 1 in- of Syk with PLC could also inhibit the cytoskeletal re-
tegrin signaling. Introduction of either wild-type or ki- modeling necessary for cell spreading. This model, how-
nase-inactive Src alleles can rescue the osteopetrotic ever, does not account for our observation that Fgr,
phenotype and defective cytoskeletal rearrangements independent of its kinase function, could inhibit Syk
observed in osteoclasts in src/ mice (Schwartzberg et kinase activity and phosphorylation of critical Syk resi-
al., 1997). Although both wild-type and kinase-inactive dues (Y519/Y520). These findings suggest that Fgr might
Src promote fibroblast spreading on vitronectin, kinase- be serving as an “adaptor protein” to inhibit Syk kinase
inactive Src associates constitutively with focal adhesions activation and function, perhaps through recruitment of
while wild-type Src associates with focal adhesions only a phosphatase. This model, not mutually exclusive of
in response to integrin activation (Felsenfeld et al., 1999;
the first mechanism proposed above, is supported by
Kaplan et al., 1994). This important observation provides
our recent studies of the role of Fgr in inhibiting phagocy-
a clue that Src kinase activity might play an important
tosis in macrophages where we found that Fgr inhibits
role in the regulation of association of Src and the focal
FcR-mediated signaling by associating with the immu-adhesion complex during the initial phases of integrin
noreceptor tyrosine-based inhibition motif (ITIM)-con-activation. As monocytes, compared to other leukocytes
taining receptor SIRP	, which potentiated the associa-and neutrophils in particular, have constitutively acti-
tion of SIRP	 with the tyrosine phosphatase SHP-1vated integrins, we may not have been able to discern
(Gresham et al., 2000). Thus, reminiscent of the inhibitorythis “positive” effect of Fgr in our experimental systems
function of Lyn that indirectly recruits SHP-1 to limitfocused on monocytes. In neutrophils, Fgr is required
excessive BCR signaling, Fgr limits excessive FcR-for initial activation of 2 integrin-mediated cell spread-
mediated signaling through recruitment of a phospha-ing and FcR-mediated phagocytosis (Gutkind and
tase. Although we did not demonstrate that the targetRobbins, 1989; Berton et al., 1994; Lowell et al., 1996;
of SHP-1 in FcR-mediated signaling was Syk, this isGresham et al., 2000). In contrast, in monocytes, we
highly likely, and these studies are in progress. Thus,clearly observe only the inhibition of both 2 integrin
we propose that after 2 integrin engagement, Fgr mightand FcR-mediated phagocytosis. We speculate that
recruit SIRP	 and in turn the SHP-1 phosphatase; thisthis difference is due to the fact that neutrophils, in
recruitment would lead to Syk dephosphorylation andcontrast to monocytes, must be activated prior to under-
either inhibit or limit Syk kinase function. This proposedgoing 2 integrin-triggered adhesion and FcR-induced
model is also supported by studies of Roach et al. (1998)phagocytosis. Fgr might contribute an initial positive
that reveal that in the absence of SHP-1, macrophagesactivation signal for both of these pathways, followed
become flat and overly spread on fibrinogen, a 2 integ-by an inhibitory signal that limits excessive signaling. It
rin ligand.is tempting to speculate that the positive signal might
It is particularly interesting that Fgr inhibits both 2be contributed by a tyrosine phosphorylation event me-
integrin and FcR-mediated signaling events in circulat-diated by the Fgr kinase domain, while the Fgr SH2
ing monocytes (and potentially neutrophils after an initialdomain is essential for the recruitment of other mole-
activation stage), pathways that are both dependent oncules that inhibit or limit excessive signaling or interfere
Syk kinase activation. The high levels of Fgr in immaturewith the Syk-mediated activation of other downstream
signal transducers. In this way, the function of Fgr in bone marrow-derived macrophages, early myeloid pro-
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Conjugate Assaysgenitor cells, and circulating neutrophils and monocytes
Conjugate assays were carried as described (Neeson et al., 2000).(Willman et al., 1987, 1991) may thus function to ulti-
In brief, BAC1 clones were labeled with FURA-RED (75 ng/ml; Molec-mately inhibit firm attachment, cell spreading, and trans-
ular Probes), washed, and mixed with CHO (GFP)-vector or CHO
endothelial migration until such cells mature and are (GFP)-ICAM-1 cells at a ratio of one monocyte per three CHO. Cell-
recruited to an active inflammatory site where chemo- cell conjugates were measured on a FACScaliber instrument by
quantitating the number of red/green events.kines and other inflammatory mediators (such as IL-8
and MCP-1) may overcome the inhibitory effects of Fgr.
Spreading Assays on Integrin LigandsThus, we hypothesize that the critical function of Fgr is
Glass coverslips were incubated at 37C with fibronectin, VCAM-1,to limit excessive leukocyte activation.
or murine sICAM-1 at 10 g/ml diluted in 1 PBS in serum free
conditions for 2 hr. Soluble murine ICAM-1 was generated as de-Experimental Procedures
scribed (Welder et al., 1993). Coverslips were washed with 1 PBS
and blocked with 1% heat inactivated BSA. Cells were allowed toReagents
spread for 1 hr in the presence or absence of C5a, 10 g/ml MIP1	,Unless otherwise indicated, all reagents used were purchased from
10 g/ml MCP-1, or 10 nM PMA at 37C, fixed in 2% glutaraldehyde/Sigma Chemical Co. BAC1.2F5 cells were a gift from Dr. Richard
0.1 M Na cacodylate (pH 7.4) at room temperature, and photo-Stanley (Albert Einstein School of Medicine); BAC1.2F5A cells were
graphed on an IMT-Z inverted microscope (Olympus). Cell surfacea gift from Dr. Charles Sherr (St. Jude Children’s Research Hospital).
areas were measured using the Simple program (Compix). For scan-Collagen and vitronectin were purchased from Collaborative Bio-
ning electron micrographs, cells were fixed in 2% glutaraldehyde/0.1medical Products and VCAM-1 from R&D Systems. Human Band-3
M Na cacodylate (pH 7.4), rinsed with cacodylate, and dehydrated inwas a gift from Dr. Philip Low (Purdue University). The 2607C, sICAM-1
ethanol. The cells were dried in Freon13 and coated with a thinproducing cell line, full-length murine ICAM-1 cDNA, and the murine
carbon film by a Hummer sputter coater. Images were generatedanti-ICAM-1 antibody YN1/1.7.4, used to generate murine ICAM-1,
on an ETEC scanning electron microscope (Perkin Elmer-ETEC).were gifts from Dr. F. Takei (UBC, Vancouver, Canada). PY20 (ICN)
and RC20 (Transduction Laboratories) was used for immunoprecipi-
Integrin Receptor Activationtation and immunoblotting, respectively. Affinity-purified rabbit anti-
Cells (2 107) were incubated with anti-2 integrin antibodies (wholeFgr and anti-syk antibodies were produced in our laboratories. 2E6
2E6 or the Fab
2 fragment) on ice, washed, and resuspended in(Endogen) and 5C6 (BioSource) were used to crosslink 2 integrin
PBS with 500 M Na3VO4. Clustering was initiated by addition ofreceptors. YN1/1.7.4 anti-ICAM-1 hamster and M18 rat anti-murine
prewarmed PBS, 0.5 mM Na3VO4, and 100 g/ml anti-hamster mAb.CD18 monoclonal antibodies were purified from hybridoma cell lines
The cells were incubated at 37C for various times, pelleted, and(ATCC).
lysed in 1% Brij 96 or TritonX-100 detergent in 50 mM Tris-HCl, (pH
7.5), 150 mM NaCl, 5 mM EDTA, 50 mM NaF, 10 mM Na Pyrophos-Cell Lines and Mouse Strains
phate, 2 mM Na3VO4, 1 mM PMSF, 2 g/ml aprotinin, and 10 g/mlFgr-containing cell lines generated by retroviral gene transfer were
leupeptin. Lysates were clarified by centrifugation.developed as described (Gresham et al., 2000). Bone marrow was
isolated from femurs of FcR double-knockout mice (FcRII/ Fc/
Immunoprecipitation and Immunoblottingin a C57BL/6 background) (Taconic Farms) or from fgr/ and hck/
250–500 g cell lysate was precleared with Protein A/G PLUS aga-mice as described (Lowell et al., 1994, 1996). BMM isolated from
rose (Santa Cruz Biotechnology). 2 g of primary antibody wasfgr/ mice generated by targeting exon 2 (2) or exon 4 (4) gave
added and mixed at 4C, and immune complexes were collectedequivalent results. BMM were cultured as described (Yi and Willman,
with protein A/G PLUS. For whole-cell analysis, 75 g clarified ly-1989). Syk/, syk/, and syk/ macrophages were generated from
sates was adjusted to 2% SDS, 100 mM DTT, heated at 95C, andthe fetal liver as described (Crowley et al., 1997). CHO cell stable
fractionated by SDS-PAGE (10%). Proteins were transferred to poly-transfectants for conjugate assays were generated by calcium phos-
vinylidene difluoride (PVDF) Immobilon P membranes (Millipore).phate transfection with the full-length murine ICAM-1 cDNA cloned
Membranes were blocked with 10% nonfat milk in TBST (50 mMin the pTracer vector, or the pTracer vector alone. Cells were se-
Tris-HCl [pH 7.5], 150 mM NaCl, and 0.1% Tween 20), incubatedlected in 650 g Zeocin/ml.
with primary antibodies, and washed. Antibodies were detected by
incubation with 0.1 Ci/ml 125I Protein A (NEN/DuPont), and mem-cDNA Constructs
branes were exposed to XOMAT (Kodak) film at70C. Alternatively,GST-Fgr SH3 or SH2 domain fusion proteins were generated by
for phosphotyrosine blots, membranes were preincubated with 1%amplification of the murine c-fgr cDNA (Yi and Willman, 1989) by
BSA, 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 0.1% TweenPCR to introduce a BamHI restriction site in the 5
 end and an EcoRI
20 and immunoblotted with HRP-RC20 at 4C. Membranes weresite at the 3
 end; the SH3 PCR primers 5
-ACCGGAGTGAGGATCCT
washed in TBST, and bands were visualized by enhanced chemilu-CGTCGCCCTG-3
 and 5
-TGATCTTTCCGAATTCCCACTCTTCA-3

minescence (Pierce).were used to amplify the region corresponding to Ala72 through
Glu130. The SH2 PCR primers 5
-CCTCTGGTAACCCCCAGGGGGCC
In Vitro Kinase AssaysTTTCTCATTCTGGAAGCCG-3
 and 5
-ACCATCATTCGAATTCATGT
Phosphotyrosine or Syk immune complexes were washed with 1%AGTGCCG-3
 were used to amplify the region corresponding to
Brij 96 lysis buffer and kinase buffer (0.05% Brij 96, 100 mM NaCl,Trp132 through Met215. The SH3 upstream primer and the SH2 down-
25 mM HEPES [pH 7.5], 5 mM MnCl2, and 1 mM Na3VO4). Tyrosinestream primer were used to amplify the region corresponding to
kinase activity was assessed by addition of 15 Ci of [32P]ATPAla72 through Met215, a GST SH3SH2 fusion protein. To generate the
(ICN; 4000 Ci/mmole) and 10M ATP in kinase buffer. Syk phosphor-GST-Lyn SH2 domain, the PCR primers 5
ACTGAAGAGTGGATCCT
ylation of exogenous substrate was assayed by the addition of 2CAAGGACATAAC-3
 and 5
-TTTGGGACTGATGAATTCCTTCTCCA
g purified Band 3 (Low, 1986). The kinase assay reactions wereGTC-3
 were used to amplify the region Lys132 through Cys226. To
terminated with 0.3 volume 3 SDS sample buffer, denatured, frac-generate the GST-Hck SH2 domain, the PCR primers 5
-ACAGAAGA
tionated by SDS-PAGE, and visualized by autoradiography. Phos-GTGGATCCTCAAGGGGATC-3
 and 5
-GGGAGACACACAGAATTC
photyrosine immunoprecipitated kinase assay gels were treatedTGACAGCTT-3
were used to amplify the region Lys124 through Val216.
with 1 M KOH at 55C to remove potential phosphoserine and phos-GST and GST-SH2 fusion proteins were expressed in BL-21 Esche-
phothreonine.richia coli and purified with Glutathione agarose (Sigma). The
Arg→Leu159, Ser→Ala161 Fgr (SH2*) mutant was generated by PCR
mutagenesis using the primers 5
-TCCATCCAGGGGATCCAGTGG SH2 Domain Binding Assay
2 integrin receptors were crosslinked and Syk was immunoprecipi-TACTTCGGA-3
 and 5
-ACCATCATTCGAATTCATGTAGTGCCG-3

were used to amplify the SH2 domain. All PCR products were verified tated, subjected to an in vitro kinase reaction, and eluted from pro-
tein A/G beads by boiling in 1% w/v SDS. Immune complexes wereby sequencing (Sequenase, U.S. Biochemicals).
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diluted with 1% Brij 96 lysis buffer, mixed with either 5 g GST- Deckert, M., Tartare-Deckert, S., Couture, C., Mustelin, T., and Alt-
man, A. (1996). Functional and physical interactions of Syk familyGlutathione beads or GST-FgrSH2-glutathione beads, and washed.
The products were eluted by boiling in SDS-PAGE sample buffer kinases with the Vav proto-oncogene product. Immunity 5, 591–604.
and fractionated by SDS-PAGE. The resultant gel was washed in 1 El-Hillal, O., Kurosaki, T., Yamamura, H., Kinet, J.P., and Scharen-
M KOH at 55C and exposed to X-ray film at 70C. To compare berg, A.M. (1997). Syk kinase activation by a src kinase-initiated
SH2 domains, phosphotyrosinated proteins were immunoprecipi- activation loop phosphorylation chain reaction. Proc. Natl. Acad.
tated from 2 integrin receptor-activated BAC1 (Vector) cells, eluted Sci. USA 94, 1919–1924.
with 1% SDS, and incubated with 5 g of GST fusion proteins and
Felsenfeld, D.P., Schwartzberg, P.L., Venegas, A., Tee, R., and
glutathione beads. The beads were washed, eluted with SDS sample
Sheetz, M.P. (1999). Selective regulation of integrin-cytoskeleton
buffer, separated by SDS-PAGE, and immunoblotted for Syk.
interactions by the tyrosine kinase Src. Nat. Cell Biol. 1, 200–206.
Fitzer-Attas, C.J., Lowry, M., Crowley, M.T., Finn, A.J., Meng, F.,Phosphopeptide Mapping
DeFranco, A.L., and Lowell, C.A. (2000). Fc gamma receptor-medi-BAC1 cell lines were metabolically labeled with [32P](carrier-free)
ated phagocytosis in macrophages lacking the Src family tyrosineorthophosphate (5–10 mCi/ cell line) at 37C. Syk was immunopre-
kinases Hck, Fgr, and Lyn. J. Exp. Med. 191, 669–682.cipitated from metabolically labeled BAC1 cell lysates, separated
by SDS-PAGE, transferred to nitrocellulose, and excised from the Furlong, M.T., Mahrenholz, A.M., Kim, K.H., Ashendel, C.L., Harrison,
membrane for phosphopeptide mapping (see below). Stable cell M.L., and Geahlen, R.L. (1997). Identification of the major sites of
lines expressing wild-type Syk or Syk mutants and the preparation autophosphorylation of the murine protein-tyrosine kinase Syk. Bio-
and separation of tryptic phosphopeptides from in vivo phosphory- chim. Biophys. Acta 1355, 177–190.
lated Syk have been described (Keshvara et al., 1998). In experi- Gerszten, R.E., Garcia-Zepeda, E.A., Lim, Y.C., Yoshida, M., Ding,
ments assessing SH2 domain binding activity, trypsinization was H.A., Gimbrone, M.A., Jr., Luster, A.D., Luscinskas, F.W., and Rosen-
terminated by the addition of 45 g of soybean trypsin inhibitor. zweig, A. (1999). MCP-1 and IL-8 trigger firm adhesion of monocytes
The collection of tryptic phosphopeptides was applied to 25 l of to vascular endothelium under flow conditions. Nature 398, 718–723.
glutathione-Sepharose containing 5 g of immobilized Fgr GST-
Greenberg, S., Chang, P., and Silverstein, S.C. (1994). TyrosineSH2 domain and incubated at 4C. After washing, bound peptides
phosphorylation of the gamma subunit of Fc gamma receptors,were recovered by the addition of 20 l of alkaline-PAGE sample
p72syk, and paxillin during Fc receptor-mediated phagocytosis inbuffer. Peptides were separated by alkaline-PAGE and visualized
macrophages. J. Biol. Chem. 269, 3897–3902.by autoradiography.
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